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ABSTRACT

Qubmillimeter souree needs for the NASA astiophysics Submillimeter Intermediate Mission (SMIM) and
the Barth Observing System Miciowave Limb Sounder (HOS Ml S) instiament are presented. Solid state
local oscillators using planaw devices are planned. State-of - the-al performince for these components s
reviewed.

TINTRODUCTION

Two future NASA missions operate in the submillimeter wavelength range; one astrophysics mmssion, the
Submillimeter Intermediate Mission (SMIM), and once carth 1emote sensing insttoment, the BOS
Mictowave Limb Sounder (1HOS MIS). The SMIM scicnee goals include a complete, submillimeter wave,
high resolution, spectial line suivey of about 100 astiophysical sowees including molecula clouds i the
Milky Way, external palaxics, plancts, and sources of opportunity such as comets and supernovac.
Sensitivity adequate to obscrve the spectial Jine confusion limit is deshred. The insttument coneept
consists of heterodyne receivers to cover the fiequency range from 400 10 1200 Gllz and & scanuing
Vabiy-Perot spectiometer for frequencies from 1000 1o 3000 Gz, The focal planc will be cooled to about
AK. A two year lifetime is anticipated. The science objectives of HOS MLS are to stady and monito
ozone chiemistiy in the stratosphere with complete global coverage. Modcrate sensitivity with high
spectial 1esolution is requined to measure atmospheric thermal emission spectia from centical molecula
lines. The ficld of view of the instiument is scanmed through the limb to derive the vertical distiibution of
molecules, The instrament concept consists of heterodyne radiometars near 215 Gz to mcasure 11,0, Oy
and pressuig, near 440 GHzoto measure 11,0, Og, N,O, HNOy and NO, ncar 640 GHz to measuie naoi,
C1O and 1310, and near 2500 Gz to measue O13 (1), The focal plane will be radiatively cooled to 80K, A
five yean Jifetime s requined.

At submillimeter wavelengths, heterodyne radiometers provide the best sensitivity for Tngh spectial
resolution observations. I a heterodyne tadiometer a remote submillimeter wave signal from cither the
astiophysical source or the atimosphere is combined with a submillimeter wave local oscillator soutee ina
non-lincar mixer which outputs the convolution of the two signals at the difference o intermediate
ficquency (119 usnally at microwavelengths. The Jocal oscillator signal has a nanrow spectral width so that
the 1emote signal is replicated at the T The 1 sipnal is then analyzed at the desired spectial tesolution.
Key clements of the heterodyne radiometer me the mixer and the Tocal oscillator (1.00) sowcee. The needs
o1 Jocal oscillator sowrces ae the subject of this paper.



2.SMIM 1.OCA  0OSC) LATORS

In the SMIM heterodyne insttament the remote signal from the telescope is spatially combined with the
Jlocal oscillator signal in a quasi-optical friequency diplexer. The combined signal and 1.O e coupled to a
fundamental mixcer by a passive guasi-optical ficquency multiplexer. The mixers are exticiely sensitive
SIS (superconductor- msulator- superconductor) tunnel junctions operating at about 4K, 'Fo cover the whole
submillimeter wave band, ten mixers and local oscillators, cach optimized over a 10% bandwidth, arc
uscd. Table 1 gives the ficquency 1ange for the ficquency bands. The 11 output from the mixers, centered
at 10 GHz with a 4 Gllz bandwidth, is preamplificd by low-noise, high clectron-mobility tansistor
(NEMT) amplificts, also cooled to 4K, followed by amplificis cooled to 40-60K. The 11 is then fuither
amplificd and downconverted for input into acousto-optical spectiometers. Spectiometer outputs are
digitized and passed, with engineering, data, 1o the insttament data system for tansimission to the ground.

.

Fable 1: Frequency Bands

10 Bands to Covaer equency Range _
400-150 Gl 450-510 Gllz 510570 Gllz. 570 610 Gliz 640 710 Gllz.
110-790 Gllz. 190870 Gllz. &10.970 Gliz 970 1080 Gllz. 1080 - 1200 Gl

2. . SMIM Local Oscillator Regui ements

-

The SMIM local oscillator tequitements are simnmarized in Table 2. Continuous {icquency coverage is
requited 1o measwie the complete spectiam fror 400 (o 1200 Gz, The output power is set by the mixer
operational needs, losses anticipated in coupling,
the 1.0 into the mixers, and some added margin

for degradation during flight opcration. The  Fable 2: SMIM 1.ocal Oscillator Requireients
non-lincar mixing clement to be used is the Frequency Coverage 400 - 1200 G111y,
superconductor-insulator- superconductor (S1S) Outpul Powel 50 PW

tunncl junction. The most sensitive heterodyne | Fixed Tuned Bandwidth | 10%
reccivers in the millimeter wave band cnploy [ Biectiical Tuning Step | 2 GHz
SIS tunnel junctions as the mixing clement. SIS [ Sjyc
tunnel junction heterodyne mixers were fnst | Fyequency Stability 1x10 7
developed for 1adio asttonomy applications in . .
the Jate 1970's (2,3).They have been used for
1adio astionomy obscrvations from 45 to 750
Gllz (for example 4,5,6,7).

Vicquency Knowledge Ix10°®
DC Power per 1.O10W

Sowmce

The cutrent-voltage (1-V) non-lincarity of an SIS tunnel junction, which is 1esponsible for the mixing,
process, is 100- 1000 times shaiper than in GaAs Schottky diodes resulting in substantially higher
conversion cfficiency and mnch lower local oscillator (1.0) diive power requirements. Theoretically,
optitmun performance of an SIS (nnel junction mixer is achicved with an absorbed 1.0 power of aboul
(hv)?/IR where R s the esistance of the junction. This is Jess than 0.5 pW at 1000 Gliz for R = 50 W.
1.aboratory experience indicates that a few microwatts of power is required at 200 Gz including, a factor
of 10 loss for 1.O/signal diplexing. Based on this expericnee about 50 pW of power is the pojected
requitcinent for SIS tunmel junction mixers operating, at 1000 GHz. The fixed tuned bandwidth of 10%
was chosen as a poal to minimize the number of local oscillators required to cover the entite band. Broadel
bandwidth is desirable. The clectiical step size of 2 Gz allows four measurements of a given ficquency
in the 11 for sepatation of signals in the upper and lower sidebands. The ficquency stability and
knowledge requitcments are set at 10 and 100 times Jower than the hiphest spectial resolution anticipated
(200 KHz spectial 1esolution is desired for observation of spectral lines in planctary atmospheres). The
DC power level is driven by the Hmited availability of power on the spacecraft.
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2.2. SMIM J.ocal Oscillator Bascline Approach

The baseline approach for the SMIM local oscillator employs solid state oscillators 1o minimize risk and
powcer requitements and to maximize operating lifetimes. Fach 1.0 source consists of a fundamental,
phase locked millimeter wave oscillator followed by two (o1 more) multiplicrs. Fach 1.0 chain covers
10% bandwidth. This will be accomplished with electiically tuned millimeter wave oscillators and fixed
tuncd multiplicrs.

The SMIM bascline Jocal oscillator design, shown in Figure 1, ecmploys millimeter wave sources operating,
in the 50 1o 100 Gz range multiplicd to higher ficquencies. Output powers in excess of 50 mW aice
available from Gunn oscillators, Higher output power may be required. The required electiical tuning over
a 10% bandwidth with high power has not been demonstiated. An alternative would be to develop a
synthesized millimeter wave source. To date the device of choice for the non-lincar element i mitlimeter
and submillimeter wave multiplicrs have been the whisker contacted GaAs Schottky varactor. Multiplicr
chains cmploying these diodes have been demonstiated to about 700 Gllz with adequate output power for
an SIS tunnel junction mixer. At least twenty multiplicrs are required for SMIM. Whisker contacted
diodes have been space qualified for several missions (UARS MILLS, SWAS); however this involves an
extrenmely labor intensive and low yield assembly process. Planar varactor diodes would clearly be a bette
optron.

GG-7H GHZ LH7-68 Gl 71-79 Glilr 1087 Gliz GA-72 Ghiz
P'HASE -1 OCKE ) - A u :
MILLIME T R T~ T~ T~ o~ T~
SOURCGH ~., )
| | | | |
X2 {3 X3 X2 3
MU I RS | | | | |
X& HE X: 5 X5
o+ C o >
£ < & a3
4 < G KR
(4] -3 -3 <>
> > » Cor
0 £ % <
i i i £
¥ A\
T0 QUASEOPTTICATL COULING SUBSYSTEM
Ny
o W ©
& & £
C» C (4]
b ~3 ~
i o <
CoH C (<)
1r, - (&)
wy ¥
X¢ X3 (& 48 X6
MUILTIEL I RS | | | | |
Xe X¢ X3 X¢ XC
. i _ hl | N |
PHASE-1 OCKED
MILLIME TE IR o~ o~ -~ ~- -
SOURGH .
75H-85 GH7 G3-71 Gliz 79-90 Gz LB-GH G ir 72-80 Giir

Tigue 1: SMIM local oscillator bascline concept.
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In HOS ML.S, GaAs Schottky subharimonic mixers arc used for 215, 440, and 640 Gllz bands requiring
local oscillators at about half of the 1cmote signal ficquency. A fundamental mixer is used for the 2500
Gz 1ecciver. Hence four local oscillators are requited near 110, 220, 320, and 2500 Gllz. In contiast to
SMIM, the HOS MLS local oscillators are fixed in ficquency sinee very broad band mixer 1Hs are used to
cover the required frequency range. The GaAs Schottky subharmonic mixers operate at about 80K, The 11
output from the mixers, in some cases with as much as 20 GHz bandwidth, is amplificd and
downconverted for input into filter banks and antoconelator spectronmieters.  Spectrometer outputs arc
digitized and passcd, with engincering data, 1o the instrament data system for ttansmission to the ground.

3.1. KOS MIL.S Y.ocal Oscillator Requirements

The HOS MLS Jocal oscillator requitcimients are sunmnarized in Table 3. The output power is sct by the
GaAs Schotiky subharmonic mixer operational needs and some added margin for degradation during, flight
operation. aboratory expericnce indicates

that a 5 to 10 W of power is 1equired for .

back-to-back GaAs Schottky mixer diodes. Table 3: OS MLS 1ocal Oscillator Requi ements

The ficquency stability and knowledge | Fiequency Coverape 110, 220, 32(. 2500
requirements are set at 10 and 100 times GHz

lower than the highest spectial resolution | Output Power 5-10 mW

anticipated (200 Kz spectral resolution is | Fixed Tuned Bandwidth | 1%

desired for observation of spectral lines | Piequency Stability 1x10-/

high in the stratosphere). The DC power | Frequency Knowledgpe 1x10°8

level is driven by the limited availability of | e power per 1.0 [ 10 W (50W for 2500
power on the spacecraft. Source Gillz)

3.2. KOS M S Y.ocal Oscillator Baseline Approach

The basceline approach for the EOS MLS is summatized in Table 4. The thice lower fiequency channels
cmploy solid state oscillators to minimize risk and power requitements and to maximize operating,
lifctimes. Yiach 1O source consists of a fundamental, phase locked Gunn oscillator followed by
multiplicrs. Since the 1.0s are fixed in ficquency, no tuning capability is required. Planar diode, as
opposcd to whisker contacted diode, based multiplicrs are planned to reduce risk and enhance lifetime.
'The local oscillator for the 2500 Gz channel is a FIR gas laser pumped by a CO; laser.,

Table 4: FOS ~ .S Local Oscillator Baseline

110 GHv. Gunn oscillatos

220 Gllz x? Multiplier with Gunn Oscillator
340 Gllz, x2x? Multipliers with Gunn Oscillator
2500 Gllz FIR gas laser pumped by CO» pas lase

4, MULTIPLIER STATE-OF-THI-ART
The key clements ina multiplier are the non-lincar device and its embedding network. Highest
multiplication cfficicncy is achieved using varactor diodes rather than varistor diodes. The most
commonly used submillimeter wave varactor is the whisker contacted GaAs Schottky diode varactor.
Several novel varactors configurations arce currently being studied which use engincered 11-V atenals,
including varactors in the BNN (barricr-n-n) family (8,9,10,11,12), single barier varactors (SBV)



(13,14,15,16), and high clectron mobility varactors (111EMV) (17).These may provide better performance,
and in some cascs exhibit syminctiic capacitance-voltage characteristics, generating only odd harmonics,
allowing high order multiplication without added circuit complexity. Tor optimized multiplicr
performance, the multiplier cireuit must provide the appropriate embedding impedance for the multiplier
diode at the input frequency, the output frequency, and all the intermediate harmonic frequencies. In
addition, for harionics above the output frequency, the citcnit must provide an open o1 a shorl. The most
successful multiplicr mount to date have been the cross wavegnide mount (for example
18,19,20,21,22,23,24,25,26,27,28). Altcinative approaches using, quasi-optical techniques have been
demonstrated for single diodes (29,30,31) or with diode grid arrays (32). Figure 7 shows local oscillator
power available from frequency multipliers as a function of frequency
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deure 71 State-of-the-art multiplier performance

Most of the multiplier results to date have been achieved with whisker contacted Schottky diodes.
Replacing whisker contacted diodes with planar devices is desirable for space missions to reduce risk and
sase assembly. Potential performance advantages of planar diodes include more flexible circuit design and
wider bandwidth achicved by integrating tuning, clements near the diode. In addition planar diodes can be
more casily arrayed (o provide higher output power. The challenge for planar diodes is to reduce Icad
parasitics. Two approaches have demonstrated potential; the air bridge approach used with Schottky
varactors (33) and the mesa approach used with BNN varactor (34). The output power from doublers using,
the air bridge diodes is comparable to that of the whiskered devices up to 270 Gllz. In part this is duc to
the use of multiple diodes in the doublers. The most recent results demonstrate 5.5 mW a 2770 GHz (35).
‘T'he bbBNN tripler at 220 GHz has delivered 0.7 mW (12). These planar diode results are closc to meeting,
the needs of 1:0S MLLS, but considerable more cffort is required (o reach the higher frequencies required
for SMIM.
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5. SUMMARY

Technology advances during the last few years have demonst rated the feasibility of local oscil lators for
SMIM and 1:0S M1 .S, However, the instrument requirements continue 1o posc several technology
challenges. In particular, solid state local oscillator sources above 700 Gllz need to be developed. The
planar diode technology needs to be demonstrated for frequencies above 300" Glz. Inaddition techniqgues
to increase fixed tuned operating bandwidth of these componients, and to make then mor ¢ reliable and less
costly, arc needed.

ACKNOWLEDGMENTS

The author gratefully acknowledges the contributions of her colleagues at JP1., and in the submillimeter
sensor community for enlightening discussions. In particular the authior would like. to acknowled ge the
SMIM and 1OS MLS mission design tcams, including William 3. Gray, G.1.au, Charles Lawrence, 11,
1.cDuc, M1 Mahoney, W. R. McGrath, G. Parks, P.11. Sicgel, and J. W . Waters. Inaddition, the NASA
Submillimeter Science Working Group, chaired by Professor ‘Thiomas Phillips, has contributed
significantly to the SMIM design.

The study described in this paper was carried out at the Jet Propulsion 1aboratory, California Institute of
‘Technology, under contract with the National Acronautics and Space Administration.

Reference herein to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise, docs not constitute or imply endorsement by the United States Governiment or
the Jet Propulsion Laboratory, California Institute of Technology.



?145-3?

REFERENCES

1), w. Waters, "Submillimeter-Wavelength 1 leterodyne Spectioscopy and Remote Sensing of the Upper Atmosphere,”
Proceedings of the IELE, Vol. 80,No.11,1679, 1 99?.

1.1 Richards, '1T.M.Shen, R.1. Harr S and 1. 1. Lloyd, "Quasiparticle Heterodyne Mixing in SIS Tunnel Junctions," Appl.
Phys. Lett., 34, 347,1979.

3G. 3. Dolan, 1. G. Phillips, and D. . Woody, “1 .ou-Noise 115 G}z Mixing in Superconducting Oxide-I{al[ict Tunncl
Junctions,” Appl. Phys. Lett., 34, 347,1979.

16G. de 1 ange, C1i. Honingh, M.M.T.M. Dicrichs, R.A. Panhuyzen, H.I1LA. Schaeffes, .M. Klapwijk, H. van de. Stadt,
M. W .M.deGraauw, “A Jow noise 410-495 1cterodyne two tuney mixet using submicron Nb/AIpO3/Nb (el junctions,”
Proceedings of the 3rd Int’l Symp. Space Teraheriz Tech., pp. 2 10 22 1, Ann Arbor, M1, March 24-26,1992.

5y Biittgenbach, .G 1.eDuc, P.D. Maker and T.G . Phillips, “A fixed tuned broadband matching structure for submillimetes
astronomy,” IEEE Trans, Appl. Superconductivity, Septeiber 1992,

0y, 7muidzinas and 1.G.1.cDuc, "Quasioptical slotantenna S1S mixers," IEEE Trans. Microwave Theory Tech., inpress, 1 992,

Tp, liebvie, W. R. McGrath, P. Batelaan, H. G. L.eDuc, B. Bumnble, M. A. Frerking, ). Hernichel, "A 547 Gllz. SIS Receives
Employing a Submicron Nb Junction with an Integrated Matching Cireuit,” in press, IEEE MTT-S International Symposiun,
1993

8y, l.icneweg, B. R. Hancock, and 1. Maserjian, "Bartier-Intiinsic-N+4 (BIN) diodes for ncar-millimeter wave gencration,” 12th
Int. Conf. IR &MMWavesTech. Digest, 6 (1987).

IR, J. Hwu, C.¥. Jou, N. C.1.uhman, Jr., W. W. Lam, 1. 3. Rutledge, 3. Hancock, U. Licneweg, . 1 Maserjian, andD. C. Sueit,
"Watt-level millimeter-wave monolithic diode-grid frequency multipliers," Rev. Sci. Instr. 89,1577 (198S).

10133, Rizzi, T. W. Crowe, and W. C. B. Peatman, "A d-doped varactor diode for submillimeter wavelengths,”" Digest 15th Int.
Conf. Infrared and Millimeter Waves, pp. 478-480, (Dce. 1990).

.1 icncwe:, ‘1. ). Tolmunen, M. A. Frerking, and ). Mascrjian, “Modcling of Planar Varactor Fiequency Multiplic
Devices with Blocking Barticrs," HEEKE Trans. Microwave Theory Tech.,MT'1-40, 5, 839-845 (May 1997).

12 s Choudhury, A, V. Raisanen, R. 1% Smith, S. C. Martin, J. i, Oswald, R.J. Dengler, M. A. Irerking, and 1'. H. Sicgel,
"Frequency ‘Tripler with Integt ated Back-to-Back Bar ieriicr-N-N+ (bbBBNN) Varactor Diodes in a Novel Split-Waveguide
Block at 220 Gllz," aceepted for publication in the IEFEE MTT-S 1 digest (1994).

131". D.Batclaanand M. A. T'rerking, “AQuantum-WellFrequency Multiplict with  hdillinckl-Wave  Output," Fourth
International Cotiference on Infrared Physics,22-26 Av pust 1988, R.
Kesselring and . K. Kneubuhl, eds. (11<1'-4), 52'/-5?9 (198 S).

14y Kollberg and A. Rydberg, "Quantum baryicr-varactor diodes for high-efficicncy millimetre-wave multiplicrs,” Ilectronics
lett. 2s, 1696 (1989).

15A, Rydberg, H.Grongvist,and L. Kollberg, “haillimc.fet and Submillim eter-wave Multiplicrs using Quantum Barvics
Varactot (QB3V) Diodes, “ IEEE  Electron Device Letter, 373-37S, vol. 11, No. 9, September (1990).

16y Choudhury, M- A, Frerking, and Paul Batelaan, «<p 200 G1ly. Tripler Using Single Banier Varactor," accepted for
publication in the 1kl MTT.

17W.C.B. Peatmanand I'. W. Crowe, “A high clectronmobility varactordiode,” Conf. Dig. 15th Int. Conf. IR & mm Waves,
SPIE, vol. 1514, 1) Cc. 1990, pp. 473-474.



?145-3?

1871 3 Tolmunen and A. V. Raisanen, “An ¢ fficient Schottky-varact o 1 frequency multiplier at millimeter waves, Part 1:
Doubler,” Int. J.IR & mmWaves,vol.8,n0.10, pp. 1313-1336, 1987;“Part II: Tripler,” Int. IR & mm Waves, v{)]. 8, 110.10,
pp. 133'/-1353, 1987; “Part lll: Quadrupler,” Int. IR & mm Waves, vol. 10,no.4, pp. 475-504, 1989; “Part IV: Quintupler,”
Int. IR & mm Waves, w]. 10,n0.4, pp. 505-518, 1989.

PON R Yirickson, “A high efficiency frequency tripler for 230 G112, Proc. 12th European Microwave Conf. (1 Ielsi ski), Sept.
1982, pp. 288-292.

20N, R Tirickson, Il Tigh ¢ fficiency millimeter and submillimetet frequency multiplicr s, 1'Loc.8th Int. Conf. IR & mm Waves
(Miami), Dec. 1983, paper M3.2.

21N, R. ¥irickson, “Very high efficiency tniplers for 100-300 Gilz,” Proc. 10th Int. Conf. IR & mmWaves, 1 dec 1985, pp. 54-55.

223 W. Archer, “Millimeter wavelength frequency multipliers,” 1EEE Trans, Microwave Theory Tech,, MTT-29, pp. 55?- 557,
Junc 1981.

73.].W.Archcr,“/\highpcrfornmncc frequency doubler for80 to 1 2() G] 12, 1EEE Trans. Microwave Theory Tech., M11-30,
pp. 824-825, May 1982,

24y W. Archer and M. T. Faber, “High-output, single- and dual-diode, millimeter-wave ficquency doublers,” IELE Trans.
Microwave Theory Tech., MTT- 33, pp. 533-538, Junc 1985,

25y w. Archer, “Ap efficient 200-290-GHyz frequency tripler incorporating, a novel str ipline structure,” I1EEL Trans.
Microwave Theory Tech.,, MTT-32, pp. 4 1642(), Apr1 .1984.

7(’]{.'/,innnc.rmmm, R, Zimmermann, and I'. Zimmermann, “490 Gllz solid state source with varactor quadruples,in Proc. 1.fill
Int. Conf. Infrared and Millimeter Waves, S1°1 1 ¢ vol. 1039, | dec. 1988, pp. 74/-"/8.

2TR. Zimmermann, R, Zimmerann, and 1'. Zimmermann, “All soid-state radiomecterat 55" GHz,"in Proc. 21st European
Microwave Conf.(Stuttgart), Sept. 1991, pp. ?53-?56.

28p_Zimmermann, privatc communication, 1994,

29M A.brerking, 11. M. Pickett, and J. Farhoomand, “A submillimeter wave quasioptical frequency doubler * in I1EEE MTT-S
Int. Microwave Symp. Digest,pp108-109, (1 983).

30). W, Avgher, “A nover  quasioptical frequency multiplier design for millimeter and submillimeter wavelengths" 1EEE - Trans.
Microwave Theory and Tech.,vol. 32, pp.421-427, 1 984).

31BN 1 yeas, 1. Sheridan, W. M. Kelly, U. S. Lidholm, and A. Raisancn, "Experimental and teheoretical evaluation of a
quasioptical submillimeter wave multiplier,” in Proc. MIOP 90 (Stutlgat () pp. 369-374, (1990).

32%W W.1am, C.F.Jou, N. C. l.uhman, and 1. B. R utledge, “1)2iode grids for beam steeting and frequency multiplication,”
International Journal of Infrared and Millimeter Waves, vol. ¥/, no. 1, pp. 27-41, (1986).

33w 1 Bishop 1. W. Crowe, R. J. Mattauch, and 1'.11. Ostdick, "Planai Schottky bartier mixer diodes for space applications
at submillimeter wavelengths,* Microwave and Optical Technology Letters,vol. 4, pp 44-49, (1991).
34]}).1.)3‘)“,},»]);(Th()udlmxy,s_Manin,and M. A. Frerking, J. K. Liu, and F. AL Granthaner, <A New Fabrication Technique

for Back-to-Back Varactor Diodes," 'roc. 3rd  Int'l. Symposium on Space Terahertz Technology, Univ. Mich,, Ann Arbor, M1,
24-26 March 1992, pg. 158 (Junc 1992).

35N, Firickson private communication (1994).




